The PI3K (phosphoinositide 3-kinase) family of lipid kinases regulate cell motility in diverse organisms and cell types. In mammals, the main PI3K enzyme activated by chemokine receptor signalling is the class IB isoform, p110γ . Studies of p110γ -knockout mice have shown an essential function for this isoform in chemotaxis of neutrophils and macrophages both in vitro and in vivo. However, the roles of p110γ and other PI3K enzymes and regulatory subunits in lymphocyte motility have been more difficult to discern. Recent studies of adoptively transferred, fluorescently labelled lymphocytes have revealed complex and unexpected functions for PI3K in lymphocyte migration in vivo. In this review we highlight cell-type-specific roles for PI3K catalytic and regulatory subunits in the homing and basal motility of lymphocytes in the intact lymph node.
Introduction
Lymphocytes (T-and B-cells) circulate through the body in a constant search for antigens. It has become clear that chemokines play integral roles in the movement of lymphocytes across the endothelium and within lymphoid organs. Lymphocytes display both directed movement in chemokine gradients (chemotaxis) and random motility in areas of uniform chemokine concentration (chemokinesis). Two excellent reviews have discussed lymphocyte motility and the role of PI3K (phosphoinositide 3-kinase) [1, 2] . Here, we expand on this topic and focus on recent studies employing TPM (two-photon microscopy) to visualize lymphocyte motility in the intact lymph node.
PI3K overview
The PI3K family consists of a group of lipid kinases that phosphorylate the 3 hydroxy moiety of PtdIns and its derivatives [3, 4] . Members of this family are grouped into four classes (IA, IB, II and III) on the basis of substrate specificity, sequence homology and regulation. Class IA and IB PI3K members mediate the acute rise of the critical second messenger PtdIns(3,4,5)P 3 in response to extracellular signals and are the most extensively studied groups.
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five regulatory isoforms p85α, p55α, p50α, p85β or p55γ . Class IB PI3K consists of a p101/p87 regulatory subunit and a p110γ catalytic subunit and is activated upon GPCR (G-protein-coupled receptor) signalling.
Generation of PtdIns(3,4,5)P 3 by PI3K activation recruits proteins containing a PH (pleckstrin homology) domain to the cell membrane [3, 4] . Several PH-domain-containing proteins mediate signalling through the PI3K pathway, including kinases [e.g. Akt, also known as PKB (protein kinase B)] and GEFs (guanine-nucleotide-exchange factors) (e.g. PREX-1). Pharmacological studies using pan-PI3K inhibitors (LY294002 or wortmannin) have shown that blocking PI3K activity leads to profound defects in lymphocyte development, activation and survival. The generation of gene-targeted mice lacking PI3K regulatory or catalytic isoforms, and the development of isoform-specific PI3K inhibitors, has uncovered unique functions of the different PI3K isoforms in lymphocyte development, function and survival (reviewed in [5] [6] [7] [8] ). Although some of these defects are likely to be attributable to defective signalling to the cell cycle and survival machinery, impaired immune function in PI3K-deficient mice may arise in part from altered homing or motility. In this review we consider the current evidence supporting the latter hypothesis. neutrophils treated with a selective p110γ inhibitor also show decreased PI3K signalling, chemotaxis and recruitment [12] .
Chemotaxis in vitro
Chemokine receptor signalling in lymphocytes appears to be more complex, with PI3K signalling acting parallel with additional pathways such as that involving the GEF DOCK2 (dedicator of cytokinesis 2) [13] . Thus T-cell migration in response to homoeostatic chemokines such as CCL21, CCL19 and CXCL12 is only partially impaired by wortmannin treatment [13, 14] . As in the case with neutrophils, class IB PI3K appears to dominate chemokine-mediated PI3K signalling, as naïve p110γ −/− T-cells have a severely reduced Akt phosphorylation and partially impaired actin polymerization and cell polarization upon stimulation with CCL21 [13] . Despite these defects, however, T-cells lacking p110γ show only partially reduced chemotaxis in response to CCL21, CCL19 or CXCL12 [13, 14] , similar to the effects of wortmannin. These data suggest that PI3K signalling plays a minor role in T-lymphocyte chemotaxis. Class IA PI3K appears to be dispensable for T-cell chemotaxis as p110δ D910A/D910A Tcells (from mice with a kinase-inactive p110δ due to D910A knock-in mutation) migrated normally upon stimulation with CCL21 and CCL19 and higher doses of CXCL12 [14] .
Similarly to T-cells, B-cell migration in response to CXCL12 and CXCL13 is partially wortmannin sensitive [13] . Interestingly, however, B-cell chemotaxis is independent of class IB PI3K, as Akt phosphorylation, actin polymerization and migration in response to CXCL13 were normal in p110γ
−/− B-cells [13] . Studies of p110δ
B-cells showed that maximal response to CXCL13 requires p110δ [14] , thus revealing a surprising role of class IA PI3K in signalling downstream of chemokine receptors in B-cells. Although DOCK2-and PI3K-independent Btk/PLCγ (phospholipase Cγ ) signalling play more prominent roles in B-cell migration [13, 15] , these results show that PI3K signalling is necessary for optimal response in vitro. The finding that class IA and IB PI3K contribute significantly to lymphocyte migration in vitro, in a cell-type-specific manner, has been confirmed and extended by in vivo experiments, as described in the next section.
Homing to lymphoid organs
Lymphocytes are programmed to circulate through lymphoid tissues where they scan APCs (antigen-presenting cells) in search of their cognate antigen. Homing refers to the process by which lymphocytes exit the circulation and enter lymphoid tissues such as the spleen, lymph nodes and Peyer's patches where APCs reside. Several steps in lymphoid homing and localization involve signalling through chemokine and adhesion receptors. Two studies published in 2004 examined the homing and localization of PI3K-deficient lymphocytes following adoptive transfer. Nombela-Arrieta et al. [13] confirmed a role for p110γ in T-cell homing to peripheral lymphocyte organs by showing that p110γ deficiency leads to near complete abrogation of the residual migration and localization within lymphoid tissue in DOCK2 −/− T-cells, albeit less severely than with wortmannin treatment (Table 1) .
Although wortmannin treatment also led to decreased B-cell homing in vivo, comparative studies of DOCK2 −/−
and DOCK2
−/− p110γ −/− B-cells suggested that a non-class IB isoform of PI3K mediates B-cell migration. Reif et al. [14] confirmed that p110γ −/− B-cells did not display homing defects and identified p110δ as the predominant PI3K isoform in B-cell homing. Loss of p110δ led to defective homing to Peyer's patches and decreased localization in splenic white pulp cords (Table 1) . Collectively, these findings support the distinction that PI3K-dependent lymphocyte migration requires mainly p110γ in T-cells and p110δ in B-cells.
Lymphocyte motility in vivo
The use of TPM to visualize leucocyte behaviour within intact lymphoid tissues has revolutionized our understanding of the immune system [16, 17] . Using this technology, many investigators have documented that resting T-cells and B-cells exhibit highly dynamic movements as they search for antigens. Both cell types exhibit an apparently 'random walk' pattern of movement within their respective areas of the lymph node: stopping, starting and changing directions with an average velocity of 10-12 µm/min for T-cells and 6-7 µm/min for B-cells [18] . Basal motility of T-cells requires the homoeostatic chemokines CCL19 and CCL21 (CCR7 ligands) that are abundant throughout the T-cell zone, together with adhesion ligands present on stromal cells [19] [20] [21] . Indeed, lymphocytes show random motility in vitro when plated on glass slides coated with integrin ligands in the presence of homoeostatic chemokines [22] .
Is PI3K involved in regulating basal lymphocyte motility in vivo? Three groups have recently addressed this question using advanced imaging techniques. Nombela-Arrieta et al. [23] studied the motility of T-and B-cells lacking p110γ and/or DOCK2 and found that, concordant with their previous analysis of chemotaxis and homing [13] , DOCK2 plays a dominant role. On the other hand, despite the established contribution of p110γ to T-cell homing and chemotaxis, they found no change in the average velocity of p110γ -deficient T-cells (Table 1) . They did, however, notice that p110γ -deficient T-cells displayed increased turning angles, resulting in a small but significant decrease in motility coefficient. This could be physiologically important by decreasing the volume through which naïve T-cells scan for antigens. p110γ -deficient B-cells showed no change in velocity, turning angles or motility coefficient (Table 1) . This study did not address the possible roles of other PI3K isoforms, using either knockout mice or catalytic inhibitors.
Our laboratory has used TPM to compare lymphocyte motility in wild-type lymphocytes with cells treated with the pan-PI3K inhibitor wortmannin [24] . Cells were treated with a PI3K-selective concentration of wortmannin (50 nM) for 15 min, then co-injected together with untreated cells (labelled with a different colour tracker dye) into host mice. Wortmannin-treated T-and B-cells showed mean velocities 20-25% lower than untreated controls (Table 1) . Wortmannin also caused a change in B-cell localization, such that cells accumulated at the border of the follicles and the T-cell zones. Assuming that p110γ is not the relevant target, these findings suggest that other wortmannin-sensitive enzymes regulate basal lymphocyte motility and B-cell localization.
To assess the role of class IA PI3K, we measured the basal motility and localization of lymphocytes from knockout mice lacking one or more class IA regulatory isoform [24] . T-cells lacking either p85α and p85β showed reductions of velocity of 12 and 26% respectively (Table 1) , whereas T-cells lacking both p85α and p85β, as well as p55α and p50α that are alternative products of the gene encoding p85α, showed a 37% decrease in velocity and a marked loss of cell polarization (Table 1 ). In contrast, p85α is the dominant isoform in B-cells, with knockout resulting in a 24% decrease in velocity as compared with a 5% decrease for p85β-deficient B-cells (Table 1) . These experiments do not distinguish whether reduced motility results from impaired class IA PI3K signalling function or from loss of adaptor functions of the regulatory subunits independently of their role in activating the catalytic subunits.
The reduced motility in wortmannin-treated cells supports at least some role for PI3K enzymatic subunits but could also be due to inhibition of other PI3K subclasses or non-PI3K targets of wortmannin. Importantly, p85α-deficient B-cells showed distinct behavioural differences relative to wortmannin-treated B-cells, exhibiting normal localization but strikingly altered morphology, extending dendritic-like projections that appeared to contact neighbouring wild-type B-cells. To directly assess the role of class IA catalytic subunits in basal motility and morphology, it will be important to analyse lymphocytes from mouse strains lacking function of one or more class IA enzyme. One might predict that p110δ contributes to basal lymphocyte motility, particularly in B-cells where altered homing and localization has already been documented and antibody responses are severely impaired.
A third group has analysed the role of PI3K in lymphocyte motility using a different imaging approach employing conventional epifluorescence microscopy in lymph node slices [19] . No differences in cell velocity were observed between wild-type and wortmannin-treated T-cells (Table 1) , although other findings with respect to lymphocyte velocity, trajectories and dependence on CCR7 ligands were in agreement with published results. At present it is unclear why two different teams reach different conclusions regarding the effect of wortmannin on lymphocyte motility. One clue might be provided by a recent paper showing that motility is influenced by tissue architecture: specifically, that turning angles and motility coefficients vary between the subcapsular and deep paracortical regions of the node [25] . The differing milieu of chemokines, adhesion ligands and stromal cell architecture among different regions may therefore alter the involvement of PI3K in lymphocyte motility. Future studies of pharmacological or genetic interventions should thus explicitly document motility in distinct regions of the lymph node.
Conclusions and unanswered questions
Lymphocytes must interpret and integrate signals from numerous chemokines and adhesion ligands in order to efficiently circulate, home to the proper regions of lymphoid organs and search for antigens effectively. PI3K regulates each of these processes and, although pan-PI3K inhibitors or gene knockouts generally exert only partial effects, these changes are likely to have significant impact on adaptive immunity. In the light of intensive pharmaceutical efforts to develop PI3K inhibitors for clinical use [26] [27] [28] , we emphasize the importance of considering their actions not only on lymphocyte development and activation but also on motility.
We draw several general conclusions from the current literature on PI3K in lymphocyte motility. First, the class IB p110γ is the major PI3K isoform involved in T-cell chemotaxis and homing but is dispensable for these processes in B-cells. PI3K does contribute to B-cell chemotaxis and homing but the class IA isoform p110δ is the primary catalytic isoform involved. With regard to basal motility in the lymph node, p110γ is dispensable. However, class IA regulatory isoforms have unique functions required for maximum velocity of T-and B-cells during random-walk behaviour.
Changes in cell motility might contribute to defective development in some strains of PI3K-deficient mice. Strains lacking class IA PI3K catalytic (p110δ) or regulatory (p85α) subunits have marked defects in B-cell development [29] [30] [31] [32] [33] . Interestingly, a similar phenotype is observed in mice lacking CXCL12, a chemokine expressed by bone marrow stromal cells whose receptor (CXCR4) is expressed on B-cell progenitors. Mice lacking both p110γ and p110δ show severe defects in thymocyte development, correlating with decreased survival [34, 35] ; however, altered thymocyte migration could contribute to this phenotype.
Lymphocyte proliferation and differentiation is severely compromised in mice with reduced class IA function (reviewed in [5] [6] [7] 36] ). It is possible that altered homing or motility contributes to some of the immune defects these strains display in vivo. p110δ-deficient B-cells have defects not only in proliferation but also in homing [14] . p85α-deficient B-cells show impaired antibody responses [33] and have reduced basal motility in the lymph node and altered morphology in vivo [24] . Motility defects have not been reported in studies of p110δ-deficient T-cells. However, T-cells lacking the class IA regulatory isoforms p85α/p55α/p50α/p85β show greatly decreased basal velocity [24] . Interestingly, these mice develop an autoimmune syndrome despite impaired T-cell functional responses in vitro and in vivo [37, 38] . It is conceivable that reduced T-cell motility changes the dynamics of interactions with APCs in a way that favours productive activation of self-reactive T-cells.
Although it is important to consider the role of motility defects in the functional phenotypes of PI3K-deficient mice, it is also crucial to gain a better understanding of the molecular pathways linking chemokine and adhesion receptors to PI3K and downstream targets. For example, how do chemokines, acting through GPCRs, connect with class IA PI3K? GPCRs have been shown to activate p110β [39] , but not the p110δ isoform that is clearly important for B-cell homing and chemotaxis. It will also be important to determine which adhesion ligands are essential for basal lymphocyte motility in conjunction with chemokines and whether the cognate adhesion receptors engage PI3K. A question raised by our recent work [24] is how the adaptor functions of class IA regulatory subunits influence lymphocyte morphology and movement.
Another question is whether PI3K signalling regulates the homing and dissemination of lymphoid malignancies. It is now clear that PI3K signalling is important for proliferation and survival of many types of leukaemia and lymphoma in both humans and mice [40] [41] [42] [43] . The homing of leukaemia cells to the bone marrow requires many of the same chemokines and adhesion molecules employed by normal lymphocytes [44] . If these signals depend on downstream activation of PI3K, one can predict that PI3K inhibitors optimized for suppressing proliferation and survival of leukaemia cells would have the added benefit of disrupting the ability of cancer cells to home to favourable bone marrow niches or extramedullary sites.
In summary, although it has taken many years to establish a consensus that PI3K is involved in regulation of lymphocyte motility, the field is now moving rapidly (and non-randomly, we hope) toward a detailed understanding of this important signalling pathway for the normal and pathophysiological functioning of lymphocytes.
